Metabolism of Lipids and Its Defects
Dr N B Myant (MRCLipid Metabolism Unit, Hammersmith Hospital, Ducane Road, London W12 OHS) The Normal Physiology of Lipid Transport Lipids absorbed from the food are transported to the tissues, where they take part in various metabolic reactions or are stored for future use as sources of oxidative energy. During the fasting state, fatty acids are mobilized from the fat depots and are transported to the tissues for oxidation. In each case, the route through which the lipids are transported is the blood plasma. I shall therefore begin by considering the nature of the plasma lipids, and go on to discuss their role in the metabolism of lipids in the body as a whole (see Myant 1968 , Robinson 1970 .
Plasma Lipids
Chemical composition: In the fasting state, the plasma of a normal adult contains 500-800 mg total lipid/1O0 ml. Most of this is in the form of cholesterol, phospholipid and triglyceride. Free (unesterified) fatty acids (FFA) are also present, though in much smaller amounts, and there are also traces of other lipids, including fat-soluble vitamins and steroid hormones. About two-thirds of the plasma cholesterol is esterified with longchain fatty acids; the remainder is free. When fat is eaten, the fatty acids resulting from the hydrolysis of triglyceride in the intestine are reconverted into triglyceride in the intestinal wall. This triglyceride is incorporated into lipid-rich particles, known as chylomicrons, which enter the circulation via the lymphatics. After a fatty meal there is, therefore, a temporary increase in the plasma lipid concentration, due mainly to an increase in chylomicron triglyceride. Table 1 shows typical values for the concentrations of the main plasma lipids in healthy adult human beings in the fasting state.
Plasma lipoproteins and chylomicrons: Lipids, by definition, are insoluble in water. Hence, the lipid present in plasma, if added to an equivalent volume of water, would not dissolve but would form a turbid emulsion. In the fasting state, however, the plasma from a normal human being is quite translucent. This is because the plasma lipids are held in solution by combination with proteins in the form of protein-lipid complexes known as lipoproteins. The small quantities of FFA that circulate in the plasma are solubilized by reversible adsorption to the plasma albumin. The albumin-FFA complex is not usually classed as a lipoprotein.
The term 'lipoprotein' is sometimes restricted to the lipid-protein complexes that are soluble in plasma. The chylomicrons, which are large enough to scatter light and, hence, to impart turbidity to the plasma, are usually referred to as particles. However, it should be noted that a distinction between lipoproteins and chylomicrons based on macromolecular size is arbitrary, since lipoproteins large enough to scatter *Related inversely to the density of the lipoprotein or chylomicron ALDL are sometimes defined as the lipoproteins of density 1-019-1-063 (Sf 0-12), since the density of most lipoproteins in this class lies within this range Values for the protein and lipid content of lipoproteins are taken from Oncley (1963) light may appear in the plasma during fasting in some abnormal conditions; these particulate lipoproteins are not chylomicrons, since they are synthesized from endogenous precursors in the liver.
The plasma lipoproteins can be separated into distinct classes by several methods, of which the most frequently used are ultracentrifugation and zonal electrophoresis. Ultracentrifugation in media of different densities permits the separation of plasma lipoproteins into three classes: high density (HDL, density greater than 1 063), low density (LDL, density 1-006-1063) and very low density (VLDL, density less than 1-006). Chylomicrons are less dense than VLDL. On paper electrophoresis,HDL migrate in the al zone, LDL in the P zone and VLDL in the a. (or pre-,) zone; the chylomicrons remain at the origin. Table 2 shows the lipoprotein classes, defined in terms of density and electrophoretic mobility, with values for their chemical composition. Lipid accounts for 98% of the total weight of chylomicrons, hence their low specific gravity. On the other hand, only half the total weight of the HDL is in the form of lipid. The relative concentrations of the three lipoprotein classes is such that, in the plasma of a normal human subject in the fasting state, 85-90 % of the total triglyceride is carried in the VLDL and 60-70 % of the total cholesterol is carried in the LDL.
Some of the properties of human plasma lipoproteins are illustrated in Fig 1. Although Fig 1  may suggest that there is only one species of macromolecule in each class, this is not in fact the case. Ultracentrifugal analysis has shown that the VLDL and the LDL each consist of a population of macromolecules whose molecular weights extend over a continuous range of values. This is also true for the HDL, but there is some evidence to suggest that the HDL class contains two distinct populations of macromolecules (HDL2 and HDL3). It seems likely that all the lipoprotein molecules within each class have a common apoprotein, but that the proportion of lipid to protein is variable.
We know very little about the structure of the plasma lipoproteins. The major protein component of the HDL (A protein) is antigenically distinct from that of the LDL (B protein). The VLDL contain both A and B proteins, together with at least one other protein (C protein) that does not react antigenically with antibodies made from native HDL and LDL (Brown et al. 1969 ). Analysis of the protein composition of chylomicrons has proved difficult, but it seems likely that they contain the A and B proteins, together with small amounts of C protein. It is clear that the association between the lipid and protein components of a plasma lipoprotein is a very loose one, since the lipid can be removed simply by extraction with non-polar solvents. But we do GD I II~~I on the uptake oftriglyceridefatty acid and the release ofFFA by adipose tisue. The relative rates offlux through the various pathways shown are indicated by the thickness ofthe arrows. TG, triglyceride; HSL, hormone-sensitive lipase; LPL, lipoprotein lipase not know how the components of a lipoprotein molecule are fitted together in such a way as to enable the lipid to dissolve in plasma. The idea that the lipid is contained in a bag of watersoluble protein is almost certainly too simple; the amount of protein in a VLDL macromolecule is, in any case, not sufficient to provide a monomolecular layer over the whole of the lipid. Scanu (1969) has succeeded in reconstituting native HDL from the lipid-free apoprotein and the various lipid components. His observations suggest that the phospholipid is linked directly to the protein and that the triglyceride is attached to the phospholipid. The major site of synthesis of the plasma lipoproteins is the liver, but the small intestine is also capable of synthesizing LDL and VLDL. The triglyceride of VLDL assembled in the liver is formed partly from FFA mobilized from adipose tissue triglyceride and taken up from the plasma by the liver, and partly from fatty acid synthesized in the liver from glucose.
Transport and Metabolism ofPlasma Lipids
Lipoprotein lipase and hormone-sensitive lipase: Before considering the metabolism of the plasma lipids we must first consider two enzymes that play an important part in the metabolism of triglycerides and fatty acids. These enzymes are lipoprotein lipase (clearing factor lipase) and the intracellular 'hormone-sensitive' lipase of adipose tissue (also known as triglyceride lipase).
Lipoprotein lipase is present in the capillary walls of adipose tissue and of muscle, but not in the liver, It hydrolyses the triglyceride of chylomicrons and of the VLDL to form glycerol and fatty acid. The fatty acid so formed enters the tissue cells where most of it is either oxidized or converted into intracellular triglyceride. The activity of lipoprotein lipase in adipose tissue is increased by feeding and is diminished by an overnight fast.
The hormone-sensitive lipase of adipose tissue hydrolyses the triglyceride of the intracellular fat stores of adipose tissue. The resulting fatty acids are either reconverted into triglyceride or are released into the circulation where, as we have seen, they are transported in association with the plasma albumin. The activity of hormonesensitive lipase is diminished in the fed state and is increased by fasting. Furthermore, the resynthesis of adipose-tissue triglyceride from intracellular fatty acid is stimulated by insulin (in the presence of glucose) and is diminished when the plasma insulin level falls, as in fasting. The net effect of these changes is that the amount of FFA available for release into the circulation is enhanced by fasting and is diminished by feeding.
These effects of changes in the activities of lipoprotein lipase and hormone-sensitive lipase on adipose tissue metabolism are shown diagrammatically in Fig 2. Triglycerides and FFA: Since the metabolism of the triglycerides and FFA in the plasma differs so markedly according to whether the individual is in the fasted or the fed state, it is best to consider these two states separately. During fasting, the predominant fuel for oxidative metabolism in tissues other than brain is fatty acid, derived either from the plasma FFA or from the VLDL. In the fed state, however, the tissues as a whole obtain most of their oxidative energy from carbohydrate. These changing requirements of the tissues are reflected in changes in the metabolism of the plasma triglycerides and FFA in the two states of nutrition.
During fasting, mobilization of FFA from adipose tissue triglyceride is increased (see Fig 2) .
The FFA released into the plasma are either oxidized in the peripheral tissues (FFA provide 60-70% of the oxidizable substrate used by heart and skeletal muscle in the fasting state) or are taken up by the liver. The FFA taken up by the liver are either oxidized to CO2 and ketone bodies or are incorporated into triglyceride, phospholipid and cholesteryl ester. The triglyceride is incorporated into VLDL, and is then discharged into the plasma. The subsequent fate of the VLDL triglyceride in the fasting state is not entirely clear. Some of it is hydrolysed by lipoprotein lipase in heart and skeletal muscle and the fatty acids so released are oxidized in situ. A small proportion may re-enter the liver. It will be seen from this brief description that in the fasting state there is a net movement of fatty acids from adipose tissue to other tissues. This is reflected in a high rate of flux of the plasma FFA. A similar situation arises during prolonged moderate exercise, mental stress, exposure to the cold and other physiological conditions in which the adipose tissue is called upon to provide skeletal and heart muscle with fuel in the form of fatty acid. Here again, there is increased mobilization of FFA from adipose tissue. During the fed state, the fatty acids of the dietary fat eventually appear in the circulation as chylomicron triglyceride (see above). Most of this is hydrolysed by the lipoprotein lipase of adipose tissue, the fatty acids entering the adipose tissue cells for storage as triglyceride. The fate of the VLDL triglyceride in the fed state is broadly similar to that of the chylomicron triglyceride; VLDL are taken up by adipose tissue, their triglycerides are hydrolysed by lipoprotein lipase and the fatty acid is incorporated into intracellular triglyceride. In the fed state there is therefore a net movement of fatty acid, derived from chylomicrons and VLDL, into adipose tissue triglyceride. This results in replenishment of the triglyceride store from which the tissues obtain most of their fuel during fasting. Cholesterol and phospholipids: Cholesterol absorbed from the food is esterified with fatty acid in the intestinal mucosa and the cholesteryl esters are incorporated into chylomicrons. The chylomicron cholesterol is taken up by the liver and hydrolysed to free cholesterol. After mixing with free cholesterol synthesized in the liver, the cholesterol of exogenous origin is incorporated into lipoprotein and released into the circulation. The free cholesterol attached to lipoprotein is rapidly esterified with fatty acid derived from the plasma lecithin by a plasma enzyme which catalyses the transfer of an unsaturated fatty acid residue from lecithin to cholesterol. The further metabolism of the plasma cholesterol is very slow compared with that of the protein components of the plasma lipoproteins and of the other plasma lipids.
The phospholipids of the plasma lipoproteins are synthesized in the liver and intestinal wall and are incorporated into the lipoprotein macromolecules before their discharge into the circulation. The old view that the plasma phospholipids act as vehicles for the transport of oxidizable fuel in the form of fatty acid is no longer held. It seems much more likely that their function is to stabilize lipoproteins by acting as a link between the protein and the less polar lipids of the proteinlipid complex.
Conclusion
From a quantitative point of view, the most important aspects of lipid transport are the movement of triglyceride fatty acid into the storage depots during fat absorption, and the redistribu-tion of triglyceride and FFA to tissues requiring noncarbohydrate fuel. Other lipids may also be transported in the circulation from one tissue to another in order to fulfil their biological functions. For example, fat-soluble vitamins are carried from their sites of storage in the liver to the tissues where they are needed, and steroid hormones are carried to their target organs from the endocrine glands in which they are synthesized. But the amounts of these lipids transported are minute in comparison with the fluxes of FFA and triglyceride through the circulation, particularly during fasting.
The primary function of the plasma VLDL is undoubtedly to transport triglyceride in the plasma, the role of the other lipids of the VLDL being, presumably, to impart the necessary stability to the protein-lipid complex. It has been suggested that the LDL and the HDL are fragments of the VLDL that have lost most of their triglyceride load. The protein and lipid composition of the three classes of lipoprotein are consistent with such a relationship. However, it should be noted that inherited absence of either the LDL or the HDL leads to specific disturbances of lipid transport (see Dr Lloyd's paper, page 899), suggesting that both these lipoproteins serve distinct functions and are not merely the byproducts of VLDL metabolism. Dr W G Dangerfield and Dr D Tarlow (North Middlesex Hospital, London N18)
Electrophoresis of Plasma Lipoproteins
It would probably be agreed that the two most profitable methods of investigation of lipoproteins have been zone electrophoresis and ultracentrifugation. Other methods such as turbidimetry, nephelometry, ultrafiltration, immunoelectrophoresis and precipitation by polysaccharide sulphates in the presence of divalent cations have played valuable subsidiary roles. The high cost of ultracentrifuges has prohibited their extensive use, so that much attention has been devoted to electrophoretic methods. Paper and starch block media were the first to be used for this purpose and the former is still in frequent use (Kunkel & 
